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© High energy and high power lithium batteries, and method for producing the same. 



© High energy and high power lithium storage bat- 
teries, comprising and anode of lithium or lithium 
alloy, a non-aqueous electrolytic solution containing 
a lithium salt in one or more organic solvents or a 
solid electrolyte consisting of a lithium salt/polymeric 
materia! complex, and a cathode based on a lithium- 
vanadium oxide of nominal stoichiometric formula 



UV 3 08, which is obtained in the amorphous form.by 
means of a new process of synthesis in aqueous 
solution. The choice of the amorphous form for the 
cathode material provides better performance with 
respect to the corresponding material in the cry- 
stalline form. 
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HIGH ENERGY AND HIGH POWER LITHIUM STORAGE BATTERIES, AND METHOD FOR PRODUCING THE 

SAME 



The present invention relates to high energy 
and high power lithium batteries as well as to the 
method for producing the same. More particularly, 
this invention relates to a lithium secondary cell 
employing as the cathodic materia! a lithium-vana- 
dium oxide of such morphology as to show im- 
proved properties with respect to the already 
known materials; the cathodic material is obtained 
through a specifically conceived procedure. 

Lithium anode rechargeable batteries have 
been available on the market for some years. The 
batteries based on the L1/M0S2 pair, produced by 
Moli Energy (Canada), are the first developed. 
They are capable of resisting several hundreds of 
charge/discharge cycles, but their theoretical spe- 
cific energy (233 Wh/kg, corresponding to 0.8 
Li /molecule) is not enough for a number of ap- 
plications. 

In recent times, the commercial availability has 
been announced of storage batteries working on 
other systems, in particular on Li/NbSe3 and on 
Li/Mn0 2 . The theoretical specific energy values of 
the above-mentioned systems, hovewer, are not 
particularly high (436 Wh/kg for the first couple, 
and 415 Wh/kg for the second one). 

As is well known in the field, in order to work 
satisfactorily as a cathode, a material must be such 
as to supply a high specific capacity and a high 
energy density, both of which are requisites of 
fundamental importance. It is also known that other 
properties are equally important, i.e. a good chemi- 
cal and electrochemical stability against the organic 
solutions employed for the electrolyte, as well as 
the capability of resisting high current levels and 
long cycling operations, and of enduring overcharg- 
ing and overdischarging. More over, said material 
should also be of limited cost and non toxic. 

Keeping into account all such requisites, the 
author of the present invention has already deter- 
mined a particularly promising cathode material, 
i.e. a lithium-vanadium oxide of formula Lh^VaOa 
in crystalline form (monoclinic system), which is 
the subject-matter of the Italian patent no. 
1.148.606. 

With the purpose of improving the performance 
of the lithium-vanadium oxide based cathode, the 
possibility has been investigated thereafter of 
modifying the crystalline structure of LiV 3 Og in 
order to make the Li ion intercalation easier. It has 
been found that a positive result could be obtained 
by applying measures capable of giving rise to an 
increase in the interlay er distance in the crystalline 
structure. Particularly effective were the substitution 
of a part of the Li* ions of the compound by Na* 



ions (cathode materials of the formula Lh* x . 
y Na y V30s and the intercalation of water molecules 
into the crystalline lattice. All the above is the 
subject-matter of the Italian patent application no. 

5 4821 8 A/88. 

Both Li 1 + x V 3 08 and Lh * x .yNa y V 3 08 are ob- 
tained by high temperature melting (at least 
600 °C) of V2O5 with U2CO3. or with Li 2 C0 3 and 
Na2C0 3 in the suitable proportions. The melt, once 

10 cooled, gives rise to a very solid material which is 
then to be crushed and milled in order to obtain the 
cathode material. The process according to the 
above-mentioned patent application provides, as 
already pointed out, a cathode material with im- 

J5 proved properties with respect to those of the origi- 
nal LiV 3 08, and comprises, in addition to the 
above-mentioned procedures, a pressing operation 
performed at a high pressure. The pressing gives 
rise to the formation of particles having grain size 

20 much smaller than those usually employed. 

According to the process od the above-men- 
tioned patent application, in order to obtain a sat- 
isfactory mixing with the conductive and binding 
additives normally used in the cathode mixture, the 

25 crystalline oxide in the form of a very fine powder, 
is suspended together with the additives in metha- 
nol and subjected to high speed stirring. Then the 
methanol is evaporated off and the resulting solid 
material is milled under dry conditions. After press- 

30 ing the powder on a nickel grid, the cathode is 
preferably subjected to sintering. 

It can be clearly seen from the above that the 
appreciable improvement in the properties of the 
above-mentioned cathode material with respect to 

05 the lithium-vanadium oxide of the original patent is 
counter-balanced by a certain complexity of the 
production process. 

Accordingly, the object of the present invention 
consists in providing a cathode material of the 

40 same kind as those disclosed above, with improved 
properties as regards its performance in the stor- 
age battery, and which is also obtainable by means 
of a simple and economic process. 

Since it has been observed in the previous 

45 investigations that a cathode material with particles 
of the order of some microns shows surely better 
performance than a material with 20-30 am 
granulometry, the synthesis has been considered 
of a compound having the same chemical formula 

50 as the preceding materials but with a still more 
favourable morphology. 

This can be obtained if the lithium-vanadium 
oxide is in the amorphous form instead of being in 
the crystalline form, and such amorphous form can 
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be obtained through a specifically devised process, 
which has in addition the advantage of being ex- 
tremely simple when compared to the synthesis 
performed by high temperature melting. 

It is to be observed that the technical literature 
in the field reports the possibility of preparing a 
form of LiVaOs which contains a remarkable per- 
centage of the amorphous compound, and this 
possibility has been studied by the author of the 
present invention. The process in question consists 
in cooling the LiV 3 Os melt suddenly after bringing 
the same to 800-900 * C. The material thereby ob- 
tained, which is already partially crystalline, loses a 
remarkable part of its amorphous character when it 
is finely milled to ensure acceptable electrochemi- 
cal performance. The need for a high temperature 
synthesis, as well as for a rapid cooling technique 
(which usually involves the use of rollers) and for 
methods capable of giving a finely milled product 
make the whole process quite complicated. More- 
over, the final product, as already remarked above, 
is again largely crystalline- In view of the foregoing, 
the said process is not preferable to the process 
disclosed in the present invention. = 

According to the present invention, it is sug- 
gested to produce UV3O8 in its amorphous form 
by synthesis in water solution, by reaction between 
lithium hydroxide. LiOH, and vanadium pentoxide, 
V2O5. in the suitable proportions. The reaction, 
which can be carried out also at room temperature, 
gives rise to a precipitate of very fine IJV3O8 
particles, which showed completely amorphous on 
X-ray examination. 

In order to ascertain that the compound was 
actually IJV3O8. the same was heated up to 
350 "C. At that temperature the compound be- 
comes crystalline and accordingly its structure can 
be compared to that of LiV 3 O a synthesized at high 
temperature. The two compounds were shown to 
be the same on X-ray analysis. 

Accordingly, the present invention specifically 
provides a high energy, high power lithium storage 
battery comprising a lithium anode or an anode of 
a lithium alloy with one or more metals, a non- 
aqueous electrolytic solution containing a lithium 
salt in one or more organic solvents, or a solid 
electrolyte made of a lithium salt/polymeric material 
complex, and a cathode based on a lithium-vana- 
dium oxide of nominal stoichiometric formula 
LiV 3 Os. which is characterized in that said oxide is 
in its amorphous form. 

As already mentioned above, the amorphous 
oxide can be obtained from the following reaction 
carried out in water solution: 
2 LiOH + 3 V 2 Os— 2 LiV 3 O a + H 2 0 
in which the two reactants are to be employed in 
the UOH/V2O5 molar ratio of 2/3. 

Such reaction is carried out with stirring at 
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room temperature or, if desired, by moderate heat- 
ing. 

As it is well known, the cathode contains con- 
ducting additives such as graphite, acetylene black 
5 and carbon, and binding additives, such as Teflon, 
polyethylene and polypropylene. Due to the ex- 
treme fineness of the amorphous oxide particles of 
the present invention, it may by advantageous to 
employ the wet mixing technique already disclosed 
ro in the above-referred previous patent application, 
as it will be illustrated in a detailed way below. 

The metal alloyed with lithium can be selected 
from aluminum, cadmium, tin, bismuth, chromium, 
manganese and lead, while the lithium salt in the 
15 electrolytic solution or in the solid electrolyte can 
be L1CIO4. LiAsFs LiBF* or LiCF 3 S0 3 . 

The ? organic solvents to be employed in the 
storage battery of the present invention are prefer- 
ably propylene carbonate, ethylene carbonate, 
20 dimethoxyethane, methylformate, tetrahydrofuran, 
2-methyltetrahydrofuran, sulfolane and mixtures 
thereof. 

Polyethylene oxide, polypropylene oxide and 
mixtures thereof are preferred as polymeric materi- 

25 als for the solid electrolyte. 

The production process, which is a further pro- 
vided by the present invention, comprises, as initial 
steps, the operation of dissolving the predeter- 
mined amount of powder LiOH in water and of 

30 adding V 2 O s progressively till a molar ratio of 
LiOH/V 2 0 5 of about 2/3 is reached, while keeping 
the whole mixture under stirring. The operation is 
carried out at room temperature, or at a relatively 
higher temperature if a faster reaction is desired. 

35 It is important that the addition of vanadium 

pentoxide be completed up to the predetermined 
molar ratio, as the reaction develops through the 
formation of intermediate products 
(Li 3 VO~*LiV0 3 -*LiV 3 0 8 ) which disappear when the 

40 correct ratio has been reached. 

After keeping the reaction mixture under stir- 
ring for a period of time between 24 and 40 hours, 
preferably for about 24 hours, LiV 3 0 8 can be sepa- 
rated in the form of a very fine precipitate. Accord- 

45 ing to the process of the present invention, the 
product is preferably washed with water once or 
twice; owing to the slow sedimentation rate, it is 
convenient to separate the precipitate by centrifu- 
gation. 

so Then the product is dried in oven at 100- 

200* C, so that a fine powder of amorphous LiV 3 0 8 
is obtained. 

Thereafter, according to the process of the 
present invention, LiV 3 O a is mixed with the con- 
55 ductive and binding additives (in particular acety- 
lene black and Teflon in the weight ratio to one 
another of 2/1 and in such amount as to form a 
weight proportion amount of 20-30% of the whole 

3 
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cathode mixture), by employing the following wet 
mixing technique: the components are dispersed in 
a liquid in which they are insoluble, preferably in 
methanol, then they are mixed by high-speed stir- 
ring and thereafter the solvent is evaporated off. 
The resulting solid, which is made of a very homo- 
geneous mixture of the cathode components, is 
milled. 

The resulting powder is then made compact by 
pressing it on a nickel grid. It has been also found 
that it is particularly advantageous to perform a 
final re-drying treatment of the cathode tablet, pref- 
erably at 100-260* C f more preferably at about 
200 *C. 

The cathode so obtained, inserted into a bat- 
tery having a lithium anode and a non-aqueous 
electrolyte, has shown a clearly better performance 
than that of the crystalline material, both in single 
discharge operation and in prolonged cycling. 

The results of some experiments carried out 
with a storage battery manufactured according to 
the preferred solutions mentioned above, together 
with their interpretation on a theoretical based are 
shown in the diagrams of the enclosed drawings, in 
which: 

Figure 1 shows the open-circuit voltage of 
the cells as a function of the amount of lithium ions 
inserted into the microstructure during discharge; 

Figure 2 shows the voltage specific capacity 
curves during discharge; 

Figure 3 shows the behaviour of the specific 
capacity at an increasing number of charge and 
discharge cycles; and 

Figure 4 shows the specific capacity as a 
function of the discharge conditions. 

The storage battery according to the present 
invention to which the following examples refer has 
a lithium anode supported on Ni. an electrolytic 
solution consisting of LiCUO* in propylene car- 
bonate dimethoxyethane and a cathode based on 
amorphous LiV 3 08, obtained according to the pre- 
ferred solutions of the above-disclosed process, 
with the addition of acetylene black/Teflon in the 
relative ratio of 2/1 and in a total amount of 30% by 
weight. 

The performance of such battery is compared 
to, that of a similar battery having a cathode based 
on a crystalline L1V3O8. 

From the curves of Fig. 1 (A for the crystalline 
oxide and B for the amorphous oxide) it can be 
observed that the amorphous material allows a 
higher battery capacity to be obtained. Indeed, in 
the case of the amorphous material, the value of x 
in Li 1+x V30s during discharge (Li* ions being inter- 
calated) can attain a maximum value of about 4.3, 
whereas for the crystalline oxide the maximum 
value is slightly less than 3. This means that the 
amorphous oxide is capable of intercalating a larg- 



er amount of Li* ions in its unit cell. Actually, the 
long-range crystallographic order lacks in an amor- 
phous compound, while the short-range order is 
preserved. 

5 In the amorphous compound, which is en- 

dowed with a higher flexibility because of the ab- 
sence of a long-range order, the unit cell can be 
modified upon the intercalation of Li* ions. This 
plasticity causes further sites to be created inside 
10 the unit cell, in which sites said Li* ions can reside: 
the number of sites that can be occupied ranges 
from a maximum value of about 6 in the crystalline 
compound to a maximum of about 9 in the amor- 
phous compound. With an x value of 4.3 and with 
75 an average voltage of 2.58 V. both of which being 
obtainable from Fig. | for the amorphous material, 
it is possible to obtain specific capacity and spe- 
cific energy values respectively, of 400 Ah/kg and 
1,032 Wh/kg. The latter value, if the amount of 
20 intercalated lithium is also accounted for (4.3 
Li*/molecule) gives rise to a value of 935 Wh/kg for 
the Li/LiV 3 0 8 pair. Such specific energy is higher 
than those of the already mentioned materials 
M0S2. NbSe 3 and Mn0 2 . and it is also higher than 
25 those of other known cathodes such as TIS2. 
V 6 0i3. LUC0O2 and V 2 Os. It is to be observed that 
the intercalation of Li* in the amorphous compound 
is largely reversible, i.e. almost all lithium inter- 
calated during discharge can be disintercalated in 
30 the battery charge. 

To such considerations concerning the micro- 
structure of the amorphous material, other consid- 
erations are also to be added concerning the 
macrostructure, which is characterized by the ex- 
35 treme fineness of the particles. Electronic micro- 
scope analysis has shown the presence of soft 
particles of 1 micron size or less, which show a 
tendency to form incoherent clusters that are easily 
crushed during the formation of the cathodic mix- 
40 ture. The fineness of the particles is indeed fun- 
damental for a good performance of the cathode 
itself, above all under severe conditions of 
charge/discharge. 

More particularly, the following advantages can 
45 be obtained: 

- no breaking of the large particles occurs following 
to the intercalation/disintercalation cycles, so that 
no contact losses occur; 

- a better contact is obtained between the active 
so material and the conductive additive, so that it is 

possible to apply very high currents; 

- the electrolyte can reach into the innermost layers 
of the cathode so reducing polarization phenom- 
ena. 

55 Such advantages can be put into evidence 

both in discharge operations and in cycling at high 
current values. For example, in Fig. 2 the voltage 
vs. capacity curves are compared for a storage 
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battery with a crystalline oxide (curve A) and for 
that of the present invention (curve B) under dis- 
charge conditions of 1.5 C (where C is the capacity 
of the battery), at the tenth discharge cycle. The 
discharge condition of 1.5 C corresponds to a 
current of 3.2 mA/cm 2 , whereas the charge current 
was 2.1 mA/cm 2 . The storage battery with the 
amorphous oxide can supply, at a higher voltage, a 
higher capacity (0.207 Ah/g as opposed to 0.146 
Ah/g, down to 1:7 V); 

If, in addition, the cycling is considered in its 
full development, it is also more evident that the 
amorphous material is superior, as can be seen in 
the following examples. 



EXAMPLE 1 



Two cells (B and C) of the button type com- 
prising a Li disc as the anode, an electrolytic 
solution consisting of LiCIO* in propylene 
carbonate-dimethoxyethane. a cathode obtained by 
pressing under 10 t/cm 2 a mixture of amorphous 
LiV 3 Os and acetylene black/Teflon (70/30) were 
subjected to cycles at 1 .5 C on discharge and at 1 
C on charge. The two cells differed from each 
other only for the temperature of the final heat 
treatment, to which the cathode had been sub- 
jected, which temperature was of 100* C for cell B, 
and of 200 "C for cell C. A similar cell (A), which 
contained however a cathode based on a cry- 
stalline material, was also tested in a parallel way. 
In Fig. 3. the curves A, B and C refer to the 
corresponding cells. 

As it can be observed, the storage batteries of 
the present invention withstand a higher number of 
cycles and have higher capacities with respect to 
the crystalline compound. Moreover, it can be re- 
marked that the cathode which has undergone a 
re-drying at 200° C shows a better behaviour than 
the one re-dried at 100° C; such behaviour is attrib- 
uted supposedly to a more complete removal of 
the water incorporated in the oxide during the syn- 
thesis in aqueous solution. Additionally, also a nor- 
mal heat treatment at 100*C gives a cathode of 
performance remarkably better than a cathode 
based on a crystalline oxide. 



EXAMPLE 2 



Two cells produced according to example 1, 
one of them containing the cathode based on the 
amorphous material, re-dried at 200* C, and the 
other containing the crystalline material, were sub- 
jected to cycling under high conditions (from 1.5 C 



to 4 C on discharge, while the charge was always 
at C). Fig. 4 shows clearly that the amorphous 
material (curve B) gives rise to specific capacities 
remarkably superior to those of the crystalline com- 

5 pound (curve A) under all conditions. 

The present invention has been disclosed with 
particular reference to some preferred embodi- 
ments thereof, but it is to be understood that modi- 
fications and changes can be brought to it without 

10 departing from its true spirit and scope. 



Claims 

*5 1. A high energy, high power lithium storage 

battery comprising an anode of lithium or of a 
lithium alloy with one or more metals., a non- 
aqueous electrolytic solution containing a lithium 
salt in one or more organic solvents, or a solid 

20 electrolyte consisting of a lithium salt/polymeric 
material complex, and a cathode based on a 
lithium-vanadium oxide corresponding to the nomi- 
nal stoichiometric formula LjV 3 0 8 , characterized in 
that said oxide is in its amorphous form. 

25 2. A storage battery according to claim 1, 

wherein the said amorphous oxide is obtainable by 
reaction of LiOH with V 2 Os in the molar ratio of 
about 2/3 in aqueous solution. 

3. A storage battery according to claim 2, 
30 wherein the said reaction in aqueous solution is 

carried out at room temperature. 

4. A storage battery according to each one of 
the preceding claims 1-3, wherein the said cathode 
also contains conductive additives such as graph- 

35 ite, acetylene black and carbon. 

5. A storage battery according to each one of 
the preceding claims 1-4, wherein the said cathode 
also contains binding additives, such as Teflon, 
polyethylene and polypropylene. 

40 6. A storage battery according to each one of 

the preceding claims 1-5, wherein the said metal 
alloyed with lithium is selected from the group 
consisting of aluminum, cadmium, tin, lead, bis- 
muth, chromium and manganese. 

45 7. A storage battery according to each one of 

the preceding claims 1-6, wherein the said lithium 
salt is selected from the group consisting of 
LiCIO*. LiAsF 6t LiBF* and UCF3SO3. 

8. A storage battery according to each one of 
50 the preceding claims 1-7, wherein said one or more 

organic solvents are selected from the group con- 
sisting of: propylene carbonate, ethylene carbon- 
ate, dimethoxyethane, methylformate. 
tetrahydrofuran, 2-methyltetrahydrofuran, sulfolane 
55 and mixtures thereof. 

9. A storage battery according to each one of 
the preceding claims 1-7, wherein the said poly- 
meric material in the solid electrolyte is selected 
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from the group consisting of polyethylene oxide, 
polypropylene oxide and mixtures thereof. 

10. A process for the production of a lithium 
storage battery according to claims 1-5, wherein 

the preparation of the cathode comprises the fol- 5 
lowing steps: 

a) dissolving powder LtOH into water 

b) adding V 2 Os progressively and under stir- 
ring up to a molar ratio LiOH/V 2 Os of about 2/3 

c) separating, after about 24-40 hours from w 
the start of the reaction, the precipitate so obtained, 
washing it with water and then separating it from 

the water 

d) drying the product of the preceding step 

so as to obtain a fine UV3O8 powder 75 

e) mixing the said powder oxide with the 
cathodic additives, by dispersing the said materials 
in a solvent in which they are insoluble, then stir- 
ring at high speed and then evaporating the solvent 

off 20 

f) milling the solid product obtained from the 
preceding step 

g) pressing said product on a nickel grid 

h) re-drying the cathode tablet by heating. 

11. A process according to claim 10, wherein 25 
the said separation of the precipitate obtained as 

the product in step c) is carried out 24 hours after 
the start of the reaction. 

12. A storage according to claim 11, wherein 

the said reaction is carried out at room tempera- 30 
ture. 

13. A process according to each one of the 
preceding claims 10-12, wherein the said drying 
step d) is carried out in oven at 100-200* C. 

14. A process according to each one of the 35 
preceding claims 10-13, wherein the said cathode 
additives are acetylene black and Teflon in the 
weight ratio of 2/1 with respect to one another, and 
they are added in such amount as to form a weight 
proportion of 20-30% of the cathode mixture. 40 

15. A process according to each one of the 
preceding claims 10-14, wherein the said final re- 
drying is carried out at a temperature between 100 
and 260° C. 

16. A high energy, high power lithium storage 45 
battery and the method for the production of the 
same, according to claims 1-15, substantially as 
disclosed and illustrated above. 



55 
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